Abstract. An algorithm for dynamic multileaf-collimator (dMLC) tracking of a 8 target performing a known a priori, rigid-body motion during volumetric modulated 9 arc therapy (VMAT), has been experimentally validated and applied to investigate 
Introduction

26
Dynamic multileaf-collimator (dMLC) tracking as a research interest has led to the 27 development of prototype real-time MLC tracking systems for both Siemens (Tacke 28 et al. 2010 , Krauss et al. 2011 , Krauss et al. 2012 and Varian (Sawant et al. 2008 , Keall 29 et al. 2011 , Poulsen et al. 2012a ) linear accelerators. It is currently not possible to 30 use Elekta linear accelerators for real-time dMLC tracking, however the feasibility of 31 conformal dMLC tracking of a target performing a known a priori motion trajectory 32 has previously been investigated by McQuaid et al. (2009) . In the absence of a real-33 time MLC tracking system for Elekta linear accelerators, an algorithm for tracking 34 motion known a priori has previously been presented (Davies et al. 2011) . In the
VMAT treatment plans
66
VMAT treatment plans for five lung cancer patients were prepared for the Agility MLC 67 using AutoBeam v5.2, an in-house treatment planning system (Bedford 2009, Bedford 68 2013). The plans generated were conformal arcs, i.e. the MLC leaves conform to the 69 planning target volume but the prescribed monitor units per segment (i.e. the interval 70 between two neighbouring control points) vary. A case study of the VMAT planning 71 process using AutoBeam has previously been presented (Bedford et al. 2008 
where z target (t) is the motion along the z-axis and y target (t) is the motion along the 
MLC tracking algorithms
97
A VMAT arc is defined as a series of N control points (n = 1, 2, 3, ..., N ), and a segment 98 m is defined as the interval between two neighbouring control points, n and n + 1.
99
The total number of segments (m = 1, 2, 3, ..., M ) is given by N − 1. The algorithm 100 presented by Davies et al. (2011) compensates for a priori known motion by transforming 101 the planned MLC leaf positions at each control point, and iteratively reducing the dose 102 rate of each segment of the VMAT arc until the MLC tracking plan is deliverable i.e.
103
machine constraints such as maximum leaf velocity and maximum gantry velocity are not 104 violated. In this study, the algorithm was applied to the Integrity 3.0 control system, in 105 which the dose rate can vary by 256 levels, from 0 to the maximum. For motion parallel 106 to the direction of leaf travel the positions of the k MLC leaves, at control point n, z kn , 107 were transformed using:
where for a collimator angle of 0 • , the correction required, f n is given by: Figure 2 . Schematic illustrating the linear-interpolation technique for transforming the MLC aperture to account for motion perpendicular to the direction of leaf travel.
where t m is the segment time and θ is the gantry angle, which varies from 0 • to 110
359
• .
111
For motion perpendicular to the direction of leaf travel, which was not considered in this is illustrated in figure 2 . The contour shift at control point n, perpendicular to the 118 direction of leaf travel, f ⊥n , is given by:
The jaws (denoted Y1 and Y2) that move perpendicular to the direction of leaf 120 travel were also transformed to account for motion using:
An example of the aperture transformation, parallel and perpendicular to the 122 direction of leaf travel, at a particular control point for patient 1 is shown in figure 3 .
123
It should be noted that in this study, the direction of motion of the MLC leaves was 124 perpendicular to the motion axis with the largest amplitude, as given by (1 To determine the ability of the algorithm to correctly predict the linear accelerator (1) and (2) a version of the Integrity control system was not available at our centre. dose distribution was found to be 100% for all patients.
227
In general, the highest gamma-analysis pass rate is seen for the 1D tracking with 1D motion delivery and 2D tracking with 2D motion delivery, with some exceptions. The time difference between real-time and simulated delivery was 1.9 s for 1D tracking with 2D motion delivery. Therefore, the first delivery with the largest time difference had the highest pass rate for these examples.
247
Despite these explicable discrepancies, the results show that when the VMAT arc 248 is delivered smoothly without interruptions, the algorithm works well and a pass rate 61.5 ± 7.9 59.0 ± 7.3 85.4 ± 9.9 88.3 ± 3.9 88.3 ± 7.4 10 62.9 ± 6.3 60.9 ± 7.4 93.0 ± 3.9 89.7 ± 4.2 93.1 ± 3.4 . Gamma analysis results from the dosimetric accuracy experiments with the Delta 4 radiation detector. A threshold level of 3% for dose and 3 mm for distanceto-agreement was used, and detectors outside of the 5% isodose level in the reference dose distribution were not included in the analysis. 
Evaluation of the delivery efficiency of MLC tracking with the Agility and MLCi
Discussion
276
In this study, a theoretical algorithm has been applied, experimentally, to evaluate 277 MLC tracking during VMAT delivery on Elekta linear accelerators for the first time.
278
VMAT MLC tracking experiments have also been performed and presented for Varian accurate MLC tracking of realistic respiratory motion it would be desirable to be able to 318 transform the leaf positions at a specified time interval, as seen in prototype real-time
319
MLC tracking systems (Keall et al. 2006 , Tacke et al. 2010 , rather than be constrained 320 solely to the control points.
321
The tracking algorithm presented here reduces the dose rate until the MLC tracking 322 plan is deliverable. However, Bedford & Warrington (2009) 
